A bacterial strain, isolated from a cyanobacterial culture, was identified as Pseudomonas sp. strain X40. Under iron-linmiting conditions, the Pseudomonas sp. produced aerobactin, a dihydroxamate siderophore previously found only in the family Enterobacteriaceae. Aerobactin was identified by electrophoretic mobility, spectrophotometric titration, proton nuclear magnetic resonance spectroscopy, mass spectrometry, acid hydrolysis, and biological activity. Aerobactin was used as a siderophore in the Pseudomonas sp. and Escherichia coli. Two iron-repressed outer membrane proteins were observed in the Pseudomonas sp., neither of which had electrophoretic mobility identical to that of the aerobactin outer membrane receptor protein from E. coli. DNA hybridization assays showed no hybridization to the aerobactin genes from the E. coli plasmid pCoIV, indicating that the genetic determinants for aerobactin production by Pseudomonas strain X40 differ substantially from those found in the archetypic enteric plasmid pColV-K30.
Iron is an essential element for all living organisms, with the possible exception of certain lactobacilli. However, the solubility product of ferric hydroxide, 10-38, limits the concentration of dissolved iron to less than 10-17 M under aerobic conditions at biological pH. In order to solubilize and transport iron, bacteria and fungi synthesize, in response to low-iron stress, extracellular iron chelators called siderophores (29) .
Enteric bacteria commonly produce the tricatechol siderophore enterobactin. In addition, the dihydroxamate siderophore aerobactin ( Fig. 1) is produced by certain strains of Shigella (21, 31) , Escherichia coli (16, 41) , Enterobacter (40) , Salmonella (25) , and Yersinia (39) , all of which are members of the family Enterobacteriaceae. The siderophore aerobactin has received considerable attention in the past few years since the finding that its production could constitute a major virulence factor (9, 12) . The aerobactin system encoded by the enteric plasmid pColV-K30 has been extensively studied in our laboratory (11, 13) and by other independent groups (17, 18, 33) , and many details are known about its genetics and regulation (1, 5, 14) . To our knowledge, aerobactin production has never been reported for species outside the family Enterobacteriaceae.
During the course of a study on siderophore production and utilization by cyanobacteria, we observed the production of an iron-chelating agent by a Pseudomonas sp. isolated from a culture of the cyanobacterium Spirulina platensis. In this report, we demonstrate that the siderophore produced is aerobactin, although the genetic determinants for its production differ substantially from those in E. coli harboring the pColV-K30 plasmid. (23) , HB101 ent fep (11) , and BN3040 Nalr (4) were described previously. Plasmid ColV-K30 is the original source of the aerobactin system (4) . Plasmid pVLN1 (13) contains the complete determinants for aerobactin production and transport from pColV-K30 cloned in a multicopy vector. pABN6 (13) solution of the siderophore through a short column of the weak cation-exchange gel Sephadex CM-C25, sodium form, in H20. Ferric aerobactin. Ferric hydroxide was prepared by dissolving ferric chloride in 0.1 M HCl and neutralizing the solution with 0.1 M NaOH. The resulting precipitate was collected by centrifugation, resuspended in distilled water, and centrifuged again. The ferric hydroxide was suspended and centrifuged twice more to remove any remaining salts. Ferric aerobactin was formed by overnight reaction with freshly prepared ferric hydroxide followed by chromatography on Bio-Gel P-2 (410 by 16 mm [inner diameter]) in 0.2 M pyridine-acetic acid buffer (pH 4.8). The brown band from the column was lyophilized, dissolved in H20, and run through a short column of Sephadex CM-C25, sodium form, in H,O.
Bioassays. Nutrient broth (Difco) plates containing 200 p.M dipyridyl were overlaid with soft agar inoculated with E. coli HB101(pABN6) ent fep. Plates were spotted with 10 of 100 p.M authentic aerobactin (30) and pseudomonad aerobactin and stabbed with E. coli HB101 and HB101 (pVLN1) entJep. SM plates enriched with 1% tryptone-1% glycerol-3 mM purified (34) ethylenediamine-di(o-hydroxyphenylacetic acid) (EDDA) were inoculated with strain X40. Paper disks containing 10 p l . of FeCI3, aerobactin, and ferric aerobactin, each at 0.1, 1, and 10 mM, were placed on the plates, and disks containing 10 ,ul of H20 were used as controls. All plates were incubated at 37°C overnight.
Paper electrophoresis. Culture supernatants, aerobactin and ferric aerobactin isolated from Pseudomonas strain X40, and authentic aerobactin and ferric aerobactin were analyzed by paper electrophoresis on Whatman 3MM paper. Samples were run in pyridine-acetic acid buffer (pH 5.2) at 40 V/cm. Aerobactin was detected by spraying the dried paper with CAS assay solution or with FeCl3 in ethanol, while ferric aerobactin was detected by the brown color of the ferric complex.
Acid hydrolysis. One micromole each of pseudomonad aerobactin and authentic aerobactin was hydrolyzed in 0.5 ml of hydriodic acid (47%) overnight at 110°C in vacuo. The digests were dried in vacuo and dissolved in H20. Each hydrolysate was subjected to preparative paper electrophoresis at 20 V/cm on Whatman 3MM paper by using a pyridine-acetic acid buffer at pH 5.6. A single cationic, ninhydrin-reactive band with mobility identical to that of lysine was observed for each hydrolysate. The bands were eluted with water and dried by rotary evaporation. An aliquot of each band was reacted with L-lysine decarboxylase (type VIII; Sigma) at 37°C for 1 h. Controls included L-lysine and DL-lysine. Each reaction mixture was analyzed by paper electrophoresis as described above.
Spectroscopy. The visible absorption spectrum of ferric aerobactin from strain X40 at various pH values was recorded on a Beckman 25 spectrophotometer. The 1H nuclear magnetic resonance spectrum of the free ligand was taken on a 200-MHz Nicolet spectrometer in the Fourier transform mode. The fast-atom-bombardment mass spectrum was measured in the anionic detection mode.
Outer membrane proteins. Pseudomonas sp. strain X40 was grown overnight in 10 ml of PM and 10 ml of PM containing 2 ,uM Fe. E. coli BN3040(pColV-K30) gyrA was grown overnight at 37°C in LB and LB containing 200 p.M dipyridyl. Protein preparations enriched in outer membrane proteins were obtained as Triton X-100-insoluble cellular fractions, as described elsewhere (32) .
DNA analyses. Plasmid preparations from E. coli BN3040(pColV-K30) gyrA and strain X40 were obtained by an alkaline-sodium dodecyl sulfate procedure (23) . The resulting DNA was digested with restriction endonucleases BglII, HpaI, and SmaI under standard conditions (23) . Digested and undigested DNAs were analyzed on 1% agarose-TAE gels (23) and stained with ethidium bromide. The DNA was transferred to nitrocellulose paper (23) , and the resulting blot was probed with 32P-nick-translated (23) Supernatants of Pseudomonas strain X40 low-iron (PM) cultures were CAS reactive when compared with those of high-iron (PM plus 2 ,uM Fe) cultures. Paper electrophoresis of supernatants revealed a single spot. The purified material had paper electrophoretic mobility identical to that of authentic aerobactin, while the ferric siderophore had electrophoretic mobility identical to that of authentic ferric aerobactin. The variation in the visible absorbance spectrum with pH (data not shown) was virtually identical to that published for ferric aerobactin (19) . Proton nuclear magnetic resonance spectra of the siderophore (Table 1) were virtually identical to published spectra (15) . The mass spectrum confirmed the identity of the siderophore to be aerobactin. Peaks at 585, 607, and 629 atomic mass units corresponded to (NaHAerobactin)-7 (Na2Aerobactin)-, and (Na3[Aerobactin-H])-, respectively, where Na3Aerobactin is the neutral trisodium salt.
Purified pseudomonad aerobactin and ferric pseudomonad aerobactin stimulated the growth of strain X40 on EDDA iron-limited plates, as is expected for a siderophore (28, 34) . Pseudomonas aerobactin, authentic aerobactin, and E. coli HB101 (pVLN1) entfep, a strain which produces aerobactin but not enterobactin, reversed dipyridyl-induced iron starvation for E. coli HB1O1(pABN6) ent fep, a strain which cannot produce enterobactin, aerobactin, or the outer membrane receptor for enterobactin, but which can utilize aerobactin for iron transport. E. coli HB101, which produces enterobactin but not aerobactin, did not promote growth in this assay. Therefore, pseudomonad aerobactin and authentic aerobactin had similar biological activities for E. coli.
In order to identify the stereochemistry of the lysine residue, both aerobactin from the Pseudomonas sp. and authentic aerobactin were hydrolyzed with hydriodic acid, producing lysine. After reaction with L-lysine decarboxylase, each aerobactin gave a single spot on paper electrophoresis with the same mobility as that of 1,5-pentane diamine. L-Lysine gave identical results, while DL-lysine, when it was reacted with L-lysine decarboxylase, produced two spots corresponding to lysine and 1,5-pentane diamine. Therefore, Fig. 2 . Under iron-starvation conditions, at least two outer membrane proteins were induced. The E. coli aerobactin receptor encoded by pColV-K30 is a 74-kDa protein (4) and is one of the induced proteins in lane 3 of Fig. 2 . The Pseudomonas aerobactin receptor protein, presumed to be one of the induced proteins in lane 5 of Fig.   2 , is similar in size but not identical to the E. coli aerobactin receptor protein.
DNA preparations from Pseudomonas strain X40 were obtained by a sodium dodecyl sulfate-alkaline procedure in which the presence of a large plasmid (pVl) could be detected (Fig. 3 ) migrating more slowly than the bulk of chromosomal DNA. This plasmid, however, was substantially smaller than the control plasmid pColV-K30 (Fig. 3) .
To determine whether aerobactin determinants in Pseudomonas strain X40 were plasmid-borne and whether they were similar to those in pColV-K30, a DNA hybridization assay was carried out. Figure 4 shows the autoradiograph of a Southern blot obtained from DNA preparations from Pseudomonas strain X40 A number of siderophores from the family Pseudomonadaceae have been identified. Pseudomonas fluorescens and Pseudomonas putida produce the fluorescent siderophores termed pseudobactins and pyoverdins (22) . Pyochelin has been found in Pseudomonas aeruginosa and Pseudomonas cepacia (8, 38) , while desferrioxamine E is produced by Pseudomonas stutzeri (26) . Cepabactin was recently identified as the siderophore of P. cepacia and Pseudomonas alcaligenes (27) . The pseudomonads are clearly very diverse in siderophore production.
The system leading to aerobactin production in Pseudomonas strain X40 appears to be different in at least some respects from that in E. coli. Two outer membrane proteins induced by low iron were produced by Pseudomonas strain X40. One of these proteins is reasonably assumed to be the aerobactin receptor. Neither protein had electrophoretic mobility identical to that of the E. coli aerobactin outer membrane receptor protein of pColV-K30. No homology was observed between Pseudomonas strain X40 DNA and the aerobactin system of pColV-K30 cloned in pVLN1. Iron regulation in Pseudomonas strain X40 may also be different from that in E. coli, since no homology to the gene sequence of the Fur protein of E. coli could be detected by hybridization in Pseudomonas strain X40 DNA (1Sa). Preliminary data indicate that the N-OH-lysine acetylase of Pseudomonas strain X40 is different from the analogous E. coli protein (8a) .
Similar results have been reported previously. Certain clinical isolates of E. coli and Enterobacter cloacae which produce aerobactin show no homology to the aerobactin genome from the ColV plasmid (6, 10) . Variations in the sizes of aerobactin receptors from different sources have been observed previously (20) , even when large similarities in the other genes of the operon are present. The genes encoding the aerobactin biosynthetic enzymes of an aerobactin-producing strain of Aerobacter aerogenes show no homology to the analogous pColV genes of E. coli, while the outer membrane receptors were immunologically cross-reactive and of the same size, and the genes encoding them were homologous (42) .
While the lack of homology between Pseudomonas strain X40 DNA and E. coli pVLN1 could be due to variations in the third base of the codons, this would not explain the differences seen between the outer membrane receptor proteins and the acetylase enzymes. In this respect, Pseudomonas strain X40 may prove to be useful in providing comparative biochemical and genetic information on the aerobactin system.
